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Introduction
Tomato (Solanum lycopersicum) aroma is a key factor
that determines fruit quality and consumer acceptabil-
ity. The volatile compounds contributing to tomato
aroma increase during fruit ripening, peaking at
mature breaker or mature red stages. Over 400 volatile
compounds have been identified in tomato fruit [1],
with recent studies showing that there is a significant
variation between cultivars [2,3]. These and previous
studies [4,5] showed that most aroma compounds are
stored as glycosides. The proportion of glycosides
found in various cultivars is also very variable, with
proportions of glycosides of benzyl alcohol, eugenol,
Keywords
aroma; docking; eugenol; guaiacol;
isosalicin; methyl salicylate
Correspondence
C. Chervin, ENSAT, BP 32607, 31326
Castanet-Tolosan, France
Fax: +33 5 3432 3873
Tel: +33 5 3432 3870
E-mail: chervin@ensat.fr
*These authors contributed equally to this
work
The volatile compounds that constitute the fruit aroma of ripe tomato
(Solanum lycopersicum) are often sequestered in glycosylated form.
A homology-based screen was used to identify the gene SlUGT5, which is
a member of UDP-glycosyltransferase 72 family and shows specificity
towards a range of substrates, including flavonoid, flavanols, hydroqui-
none, xenobiotics and chlorinated pollutants. SlUGT5 was shown to be
expressed primarily in ripening fruit and flowers, and mapped to chromo-
some I in a region containing a QTL that affected the content of guaiacol
and eugenol in tomato crosses. Recombinant SlUGT5 protein demon-
strated significant activity towards guaiacol and eugenol, as well as benzyl
alcohol and methyl salicylate; however, the highest in vitro activity and
affinity was shown for hydroquinone and salicyl alcohol. NMR analysis
identified isosalicin as the only product of salicyl alcohol glycosylation.
Protein modelling and substrate docking analysis were used to assess the
basis for the substrate specificity of SlUGT5. The analysis correctly pre-
dicted the interactions with SlUGT5 substrates, and also indicated that
increased hydrogen bonding, due to the presence of a second hydrophilic
group in methyl salicylate, guaiacol and hydroquinone, appeared to more
favourably anchor these acceptors within the glycosylation site, leading to
increased stability, higher activities and higher substrate affinities.
Abbreviations
GT, glycosyltransferase; PSPG, plant secondary product glycosyltransferase; SlUGT5, Solanum lycopersicum UDP-glycosyltransferase 5;
UGT, UDP-GlycosylTransferase.
guaiacol and methyl salicylate varying from 49–88%,
36–68%, 6–50% and 42–73%, respectively, of the
corresponding aglycone [2,3]. Glycosides contributing
to tomato aroma also tend to accumulate in fruit over
the ripening phase [2].
The glycosylation of aroma volatiles is usually cataly-
sed by glycosyltransferases (GTs), which mediate the
transfer of a sugar residue from an activated nucleotide
sugar to acceptor molecules. Many GTs have been char-
acterized in the plant kingdom, and this family of
enzymes has been the subject of several reviews [6,7].
All plant GTs contain a common signature motif of
44 amino acids, known as the plant secondary product
glycosyltransferase box (PSPG) [7], which is thought to
be involved in binding the UDP moiety of the activated
sugar. Phylogenetic analysis [8] has classified plant
UDPglycosyltransferase (UGT)1 sequences into 29 fam-
ilies (UGT71–UGT99) comprising 14 groups (A–N).
This classification allows rapid integration of newly
cloned GTs into existing trees. In tomatoes, GT activity
in extracts partially purified using ammonium sulfate
has been shown to increase over the ripening phase [9].
Although there are no reports showing the direct
involvement of UGTs in the glycosylation of tomato
aroma volatile precursors, several GTs from other plant
species have been shown to accept known tomato aroma
compounds as substrates. For example, eugenol is gly-
cosylated by an arbutin synthase of Rauvolfia serpentina
[10], UDP-glucose:p-hydroxymandelonitrile-O-glucosyl-
transferase from Sorghum bicolor catalyses the glycosyl-
ation of geraniol and benzyl alcohol [11], and AtSAGT1
from Arabidopsis thaliana can catalyze the in vitro
formation of methyl salicylate glucose from methyl
salicylate [12].
UGTs were initially thought to be promiscuous
enzymes; however, the substrate specificity of UGTs
appears to be limited by regio-selectivity [13,14], and
in some cases UGTs have been shown to be highly
specific [15,16]. Our understanding of the glycosylation
mechanism and how substrate preference is determined
has been greatly improved by the publication of crystal
structures for five plant UGTs [17–19]. Despite rela-
tively low levels of sequence conservation, all plant
UGTs have very similar structures, in which the two
domains (N- and C-terminal, both adopting Rossman-
like folds) form a cleft to accommodate the substrates,
nucleotide sugar and acceptor. Family 1 GTs are
inverting enzymes that invert the anomeric configura-
tion of their catalytic products compared to their
respective substrates [17,18]. Family 1 GT-mediated
glycosylation occurs through a direct-displacement,
SN2-like, mechanism, whereby a highly conserved cata-
lytic histidine acts as a general base to abstract a pro-
ton from the acceptor substrate, allowing nucleophilic
attack on the C1 atom of the UDP-sugar to form the
glycosylated product [17–19]. Despite this information,
it is very difficult to predict GT substrate preference
based on structural characteristics alone.
In this study, we characterize a tomato GT that
shows activity towards aglycones associated with
tomato fruit aroma, and use substrate docking analysis
to assess the basis for the substrate specificity.
Results and Discussion
Cloning and sequence analysis of SlUGT5
The SGN Unigene Database (http://solgenomics.net/)
was searched for tomato UGT sequences with similarity
to FaGT2, a UDP-glucose-cinnamate glucosyltransfer-
ase involved in the accumulation of cinnamoyl-
d-glucose during fruit ripening in strawberry (Fragaria ·
ananassa), a precursor of volatiles linked to strawberry
aroma (accession number Q66PF4) [20]. A total of 121
putative UGT unigenes were initially identified, of
which 34 had expression profiles described in the
Tomato Functional Genomics Database (http://
ted.bti.cornell.edu). Four of these 34 unigenes (SGN-
U315028, SGN-U312947, SGN-U316027 and SGN-
U313478) were highly expressed during fruit ripening,
either in wild-type fruit or in the never-ripe mutant (data
not shown). In a preliminary study, these four genes
were cloned, fully sequenced (Fig. S1) and expressed in
Escherichia coli with an N-terminal polyhistidine tag.
The protein corresponding to the SGN-U315028 uni-
gene was soluble (Fig. S2) and active, and was therefore
chosen for further detailed phylogenetic and biochemi-
cal analysis.
The full-length ORF corresponding to SGN-
U315028 (named SlUGT5) was 1476 bp long, and
encoded a protein with a predicted molecular mass of
54.1 kDa and a pI of 5.63. The sequence contained the
PSPG consensus sequence of 44 amino acids found in
all plant UGTs (Fig. S3). A phylogenetic comparison
using SlUGT5 and members of the published Arabid-
opsis UGT tree [8,21] indicated that the tomato
sequence clustered most closely with UGT72B family
members in group E (Fig. 1). On this basis, SGN-
U315028 was designated SlUGT72B (Solanum lycoper-
sicum UDP-glycosyltransferase 72B).
SlUGT5 displayed highest amino acid identity (83%)
to an uncharacterized protein from Lycium barbarum
(BAG80556) and HpUGT72B11 from Hieracium pilo-
sella (ACB56923), a glucosyltransferase that acts on
flavonoids and flavonols [22]. In the UGT72B family,
two other UGTs have defined substrate preferences – an
arbutin synthase from R. serpentina (Q9AR73), which
shows maximal activity toward hydroquinone and acts
on xenobiotics [10], and a bifunctional O- and N-gluco-
syltransferase from Arabidopsis thaliana UGT72B1)
that can detoxify the chlorinated pollutants trichloro-
phenol and dichloroaniline [23–26]. In the closely
related UGT72E family, three genes from A. thaliana
(UGT72E1, 2 and 3) have been shown to play an
important role in the synthesis of monolignols [27,28].
UGT72L1 may be involved in the production of epi-
catechin 3¢-O-glucoside in the Medicago truncatula seed
coat [29]. An alignment of SlUGT5 with related group
E UGT sequences is shown in Fig. S3.
Mapping and expression analysis of SlUGT5
Using the recently assembled tomato genomic sequence
(http://solgenomics.net/), SlUGT5 was shown to be
located 41 kbp upstream of the TG650 marker, which
maps to chromosome I (located at 88.5 cM according
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Fig. 1. Phylogenetic relationship of SlUGT5 from Solanum lycopersicum (HM209439) with other members of plant glycosyltransferase
family 1 (according to the Carbohydrate-Active enZymes, CAZy, data base). Groups A–N have been defined previously [8,21]. The unrooted
tree was constructed using MEGA 4 after alignment of sequences using Clustal W2. Arabidopsis UGT amino acid sequences were obtained
from http://www.p450.kvl.dk/UGT.shtml. The other genes are: BAG80556 from Lycium barbarum (B6EWZ3); ACB56923 glucosyltransferase
HpUGT72B11 from Hieracium pilosella (B2CZL2); CAO39734 and CAO69089 from Vitis vinifera; BAF75896 from Cyclamen persicum;
Q9AR73 arbutin synthase from Rauvolfia serpentina; CAM31955 from Glycine max (A5I866); BAF49302 from Clitoria ternatea (A4F1R9);
3,4-dichlorophenol glycosyltransferase BnUGT2 from Brassica napus (A5I865); salicylic acid glucosyltransferase OsSGT1 from Oryza sativa
(Q9SE32); cinnamate glycosyltransferase FaGT2 from Fragaria · ananassa (Q66PF4); p-hydroxymandelonitrile glucosyltransferase SbHMNGT
from Sorghum bicolor (Q9SBL1); UGT73A10 from Lycium barbarum (B6EWX3); NtGT2 from Nicotiana tabacum (Q8RU71); S39507 glucuron-
osyl transferase from Solanum lycopersicum (S39507); CaUGT1 from Catharanthus roseus (Q6F4D6). Accesion numbers for SwissProt
(UniProtKB ⁄ TrEMBL) are given in brackets.
to the Tomato-EXPEN 2000 map). Interestingly, this
region of chromosome I has been shown to contain a
QTL affecting the content of guaiacol and eugenol in
crosses between cherry tomatoes and three independent
large-fruit cultivars [30]. The importance of this region
was confirmed in flavour-related metabolite profiling in
Solanum penellii derived introgression lines (IL) (http://
ted.bti.cornell.edu). The IL 1-2 line carrying the
S. pennelli chromosome I segment containing SlUGT5
has dramatically reduced methyl salicylate and methyl
benzoate content compared to other IL lines.
The mRNA accumulation profile of SlUGT5 in a
range of tomato vegetative and fruit tissues was exam-
ined by quantitative PCR (Fig. 2). Low transcript lev-
els of SlUGT5 were measured in stem, leaves and
roots, but there was some transcript accumulation in
flowers Transcripts accumulated to higher levels in
fruit from the immature green stage to 14 days after
breaker stage (fully ripe). There was some variability
in SlUGT5 transcript accumulation in developing and
senescing fruit, with immature green, breaker and
breaker + 14 day stages accumulating more tran-
script. The observed trend, of an increase up to the
breaker stage and then a decrease, matches the results
observed in microarray data available from the
Tomato Functional Genomics Database (Table S1).
Although there were no obvious physical differences
in the plants and fruit examined, we cannot exclude
the possibility that the late transcript increase at
breaker + 14 days could be due to fungal infection.
Indeed, it has been observed previously (Table S1)
that SlUGT5 expression is induced 36 or 60 h after
plant infection with the pathogen oomycete Phytoph-
thora infestans, and that this induction coincides with
the expression of pathogen-related proteins and sali-
cylic acid synthesis during hypersensitive response
initiation [31].
Recombinant enzyme activity
The mapping and expression data suggested that
SlUGT5 might have a role in glycosylating aroma
compounds during tomato fruit ripening. To determine
the substrate specificity of SlUGT5, recombinant pro-
tein was expressed in E. coli and purified using a
cobalt affinity resin. The activity of the recombinant
protein was firstly tested against a range of hydroxyl
benzyl alcohols commonly found as glycosides in
tomatoes [2,3,5]. In the presence of UDP-glucose,
SlUGT5 showed activity with methyl salicylate, guaia-
col, eugenol and benzyl alcohol (Table 1), but no
activity was detected with phenyl ethanol or salicylic
acid. The products of the glycosylation reaction were
analysed by LC-MS for methyl salicylate, guaiacol,
eugenol and benzyl alcohol (Fig. S4). ESI-MS analysis
in positive mode (presence of sodium adduct at
m ⁄ z = M + 23) showed that the major product in all
cases was the corresponding monoglycoside.
Similar substrates have previously been shown to be
used by other UGTs in family 72 (e.g. the arbutin
synthase of R. serpentina (Q9AR73) uses eugenol and
methoxyphenols, which are close in structure to guaia-
col). The activity of SlUGT5 was then tested with other
compounds that have been shown to be substrates of
HpUGT72B11 of H. pilosella (ACB56923) and the
arbutin synthase of R. serpentina. SlUGT5 had a Km for
both hydroquinone and salicyl alcohol comparable to
that for eugenol and methyl salicylate (Table 2).
SlUGT5 also accepted kaempferol and cinnamyl alcohol
as substrates, with 10 and 2% of the activity of hydro-
quinone, respectively (data not shown). The relative
activities for hydroquinone and kaempferol differ
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Fig. 2. SlUGT5 mRNA accumulation profile in tomato plant organs.
Fruit development stages: EIMG, IMG and B+ ‘·’ indicate early
immature green, immature green and breaker plus ‘·’ days, respec-
tively. The transcript accumulation index was calculated using actin
as a reference gene, and the EIMG value was set at 1. Error bars
represent the standard error with n = 3 biological replicates.
Table 1. Vmax (nkatÆmg
)1 protein), relative velocities (Vrel) and Km
(mM) of SlUGT5 at pH 7.5 in the presence of UDP-glucose (10 mM)
for acceptors known to be involved in tomato aroma.
Substrate Vmax Vrel Km
Methyl salicylate 22.1 100 2.3
Guaiacol 19.8 90 10.2
Eugenol 7.62 34 1.1
Benzyl alcohol 4.43 20 62.3
Phenyl ethanol Not detected – –
considerably from those of HpUGT72B11 reported for
the same substrates in a previous study [22]. SlUGT5
activity showed a temperature optimum of 37–40 C
and a pH optimum of 7.5 for both benzyl alcohol and
salicyl alcohol.
The glycoside produced by the SlUGT5 using salicyl
alcohol showed a different retention time (approxi-
mately 10 min, Fig. S4) to that of a b-salicin standard
run under the same conditions (v 9 min, data not
shown). More detailed analysis using NMR was per-
formed to identify the product of the reaction. The
regio-selectivity of the enzymatic glucosylation using
salicyl alcohol was analysed using preparative liquid
chromatography and NMR. 1H and 13C-NMR analyses
were performed in D2O, and compared to NMR data
for the four salicin isomers b-salicin [32], b-isosalicin
[33], a-salicin [34,35] and a-isosalicin [34], previously
reported in the literature (see Fig. S5). The 1H-NMR
spectrum included a doublet signal at 4.47 ppm attribut-
able to a b-anomeric proton of the glucosyl moiety, as
this signal had a large coupling constant (J = 8.1 Hz).
Moreover, the carbon signal of C7 (67.0 ppm) was
de-shielded compared to salicyl alcohol (60.1 ppm) [34] or
natural b-salicin (59.2 ppm) under the same conditions
(D2O), indicating that the glucose moiety is attached to
the hydroxyl group at C7 rather than C1. These results
identify the purified product as b-isosalicin, indicating
that the glycosylation of salicyl alcohol catalysed by
the purified enzyme proceeds in a both regio-selective
(isosalicin and not salicin) and stereo-selective (only the
b-anomer) manner. In the study of arbutin synthase
(Q9AR73) of R. serpentina, the authors showed that
saligenin (salicyl alcohol) was accepted as a substrate,
but the selectivity was not checked [10].
UDP-galactose and UDP-glucuronate were tested as
alternative activated sugar donors, with salicyl alcohol
as an acceptor. The Km for UDP-galactose was similar
to that for UDP-glucose (0.31 versus 0.9 mm, respec-
tively), but its Vmax was lower than that observed for
UDP-glucose (0.44 versus 77.5 nkatÆmg)1, respectively).
No activity was detected when UDP-glucuronate was
used as the donor. SlUGT5 can therefore be designated
as a UDP-glycosyltransferase, utilizing UDP-glucose
and UDP-galactose as its preferred activated sugar
donors.
Protein modelling
To understand the basis for the substrate specificity of
SlUGT5 (Tables 1 and 2), a SlUGT5 protein homology
model was constructed using Modeller 9.7 [36], with
the crystal structure of Arabidopsis UGT72B1 (60.5%
identity) as the template. In the crystal structure of the
UGT72B1 Michaelis complex with the oxygen acceptor
2,4,5-trichlorophenol and a non-transferable UDP-
glucose analogue (UDP-2-deoxy-fluoroglucose), the
acceptor lies in the binding pocket with its hydroxyl
group hydrogen-bonded to the catalytic histidine, in
perfect position for nucleophilic attack on the C1 atom
of the glucose [26]. No additional interaction between
the acceptor and the surrounding proteins atoms of the
binding pocket was observed [26]. Compared to other
plant UGTs, members of family 72 are characterized
by an additional loop in the C-terminal domain com-
prising 16 or 17 residues (Ser306–Pro324 in UGT72B1)
(Fig. S3). In the Arabidopsis UGT72B1 structure, an
interaction between Tyr315 and the main-chain atoms
of Ser14 and Pro15 anchors this loop within the vicinity
of the active site, therefore significantly reducing the size
and accessibility of the acceptor binding pocket
(Fig. S6). In SlUGT5, this tyrosine is replaced by a
phenylalanine (Phe311), suggesting that local rearrange-
ment of the long additional loop covering the opening
of the binding pocket may occur.
Docking experiments were initially performed using
methyl salicylate, guaiacol, eugenol, benzyl alcohol
and phenyl ethanol. For each of these compounds,
50 independent acceptor binding conformations (solu-
tions) were generated, and a range of potential binding
clusters was obtained. In each case, at least two
clusters were consistent with the geometry required to
support nucleophilic attack on the glucose C1 atom
(Fig. 3A–E). Interestingly, the alternative binding
clusters obtained for eugenol showed an increase in
non-productive catalytic outcomes (34 ⁄ 50) compared
to those observed when methyl salicylate (13 ⁄ 50) or
guaiacol (1 ⁄ 50) were docked into the SlUGT5 active
site. These findings are consistent with the decreased
SlUGT5 activity (Vmax) in the presence of eugenol
(Tables 1 and 2). The predicted binding conformations
for benzyl alcohol and phenylethanol all have the alco-
hol hydroxyl positioned in a manner consistent with
UGT activity, but SlUGT5 shows low activity and
binding affinity for benzyl alcohol and no detectable
activity towards phenylethanol. Compared to methyl
salicylate, guaiacol and eugenol, the most notable
difference in the docking of phenylethanol (Fig. 3D)
and benzyl alcohol (Fig. 3E) was that their interactions
with the catalytic histidine and glucose C1 atom could
Table 2. Vmax (nkatÆmg
)1 protein), relative velocities (Vrel) and Km
(mM) of SlUGT5 for acceptors used by related UGT enzymes.
Substrate Vmax Vrel Km
Hydroquinone 121.3 100 0.54
Salicyl alcohol 77.5 64 0.9
4-OH benzyl alcohol 47.3 39 10
only sustain a maximum of two hydrogen bonds,
compared to three hydrogen-bond interactions with
methyl salicylate and guaiacol (Fig. 3A,B respectively).
The decreased hydrogen bonding capacity of benzyl
alcohol and phenylethanol could affect their ability to
maintain catalytically favourable binding geometries.
Docking of hydroquinone in the acceptor binding
pocket of SlUGT5 resulted in a single conformation
cluster (Fig. 4A) in which the alcohol hydroxyl group
was suitably positioned for nucleophilic attack. This
positioning was further strengthened via the second
hydroxyl group, which interacts with Glu81 at the other
end of the binding pocket (Fig. 4A). As Glu81 (Glu83 in
UGT72B1) is strictly conserved within family 72 UGTs
(Fig. S3), this conformation provides a structural basis
for the high activity of SlUGT5 (Tables 1 and 2) and
arbutin synthase [10] for hydroquinone. On the assump-
tion that interaction between Glu81 and a second accep-
tor hydroxyl group translates to increased UGT
activity, we predicted that 4-OH benzyl alcohol would
bind in a similar manner to hydroquinone (Fig. 4B) and
would show higher activity compared to benzyl alcohol
as a substrate for SlUGT5. Our results confirmed this
prediction, with SlUGT5 showing a sixfold increase in
binding affinity for 4-OH benzyl alcohol (Km of 10 mm)
compared with benzyl alcohol (Km of 62.3 mm) and a
A B
C D
E
Fig. 3. Docking of methyl salicylate (A),
guaiacol (B), eugenol (C) phenylethanol (D)
and benzyl alcohol (E) in the SlUGT5 model.
One molecule representative of each
binding cluster is shown in all cases. The
number of acceptor binding conformations
(solutions) associated with each cluster is
expressed as a fraction of the 50 solutions
generated from the docking analysis.
Acceptor binding conformations that are not
catalytically relevant are not shown. The
catalytic residues His17, Glu81 and Phe311
are represented in stick mode, with Phe311
shown in orange. Hydrogen bonds between
the docked acceptor molecules and protein
atoms are represented as dashed lines. The
approximate free binding energies and kI
values for all binding clusters are given in
Table S2.
A B
C
Fig. 4. Docking of hydroquinone (A), 4-OH
benzyl alcohol (B) and salicyl alcohol (C) in
the SlUGT5 model. Representations of
catalytic residues and hydrogen bonds are
as for Fig. 3. The free binding energies and
kI values for each binding cluster are given
in Table S3.
higher activity (Vmax of 47 nkatÆmg
)1) compared with
benzyl alcohol (Vmax of 4.4 nkatÆmg
)1) (Table 2).
SlUGT5 also showed high activity towards salicyl
alcohol (Table 2), and NMR analysis identified b-isosal-
icin as the reaction product. Docking of salicyl alcohol
into the acceptor binding pocket yielded three main
binding clusters (Fig. 4C). In cluster 1, the primary
alcohol hydroxyl group of salicyl alcohol was hydrogen-
bonded to the catalytic histidine, and nucleophilic attack
on the glucose C1 atom would trigger the formation of
b-isosalicin. This conformation is stabilized by an addi-
tional hydrogen bond between the phenolic hydroxyl
group of salicyl alcohol and the glucose O6 atom.
In cluster 2, the situation is reversed, with the phenolic
hydroxyl group of salicyl alcohol positioned for attack
on the glucose C1, while the primary alcohol hydroxyl
group stabilizes the conformation by interacting with
the glucose O6 atom. Such a conformation would lead
to production of b-salicin rather than b-isosalicin. The
third cluster, which shows both the salicyl alcohol
hydroxyl groups hydrogen-bonded to the catalytic
histidine, could potentially result in either of the salicin
isomers being formed. The calculated binding affinities
(Ki) for the three clusters are similar (Table S3), and, as
such, cannot explain the observed preference for the
b-isosalicin production determined by NMR. The main
difference between the conformation clusters lies in the
position of the aromatic ring of salicyl alcohol in the
binding pocket. In clusters 1 and 3, the ring is oriented
‘inside’, towards the conserved core of the binding
pocket, but in cluster 2, it is oriented towards the long
loop covering the opening of the binding pocket
(Figs 4C and S6), in which most structural variations
among UGTs are found. As Tyr315 of Arabidopsis
UGT72B1 is replaced by Phe311 in SlUGT5, a struc-
tural rearrangement of the long additional loop is likely
to occur in SlUGT5 compared to the model. Such rear-
rangement may modify the shape of the binding pocket
to prevent binding of salicyl alcohol in conformation 2,
and favour production of the b-isosalicin isomer over
b-salicin (Fig. 4C). It is more difficult to determine why
cluster 3 would favour b-isosalicin formation, but the
exact positioning of the catalytic histidine is likely to be
crucial to product outcome.
Conclusions
To our knowledge, this is the first report describing the
cloning and characterization of a glycosyltransferase
involved in sequestration of tomato aroma compounds
as glycosides. SlUGT5 was able to glycosylate methyl
salicylate, guaiacol and eugenol, which have all been
reported to be present as free volatiles and as glycosides
in several tomato cultivars [2,3] and that contribute
to consumer perceptions of tomato aroma [1,2]. The
expression of SlUGT5 mRNA during fruit development
and ripening is consistent with the SlUGT5 enzyme
having a role in the accumulation of glycosides of these
compounds during this period. The three other UGT
unigenes that we identified may be important in the
glycosylation of other key aroma volatiles (e.g. phenyl
ethanol) or act to form di- and tri-glycosides [37] during
tomato fruit ripening.
Protein homology modelling and substrate docking
analysis provided clues to the structural basis for dif-
ferences in SlUGT5 activity towards the endogenous
tomato precursors (methyl salicylate, guaiacol and
eugenol) and other substrates tested (hydroquinone
and salicyl alcohol). Acceptor substrates possessing
two hydrophilic groups generally showed increased
activity compared with those with a single hydrophilic
substituent. The presence of a second hydrophilic
substituent provided an additional hydrogen-bond
interaction, and hence was assumed to confer a more
stabilized binding configuration. The positioning of the
two hydrophilic groups was also important for activity,
with para-substituted benzene rings being favoured
over those that were ortho-substituted. There was also
good evidence to support the importance of an active-
site glutamate residue (Glu81 in SlUGT5; conserved in
family 72 UGTs) in determining these preferences by
conferring optimal geometry for the single displace-
ment mechanism underlying SlUGT5-mediated glyco-
sylation. The structural insights gained in this study
provide a rational basis to test the repertoire of
SlUGT5 substrates, and potentially to increase the
range of family 72 UGT substrates using a mutagene-
sis-based approach.
Experimental procedures
Plant material
Tomato Solanum lycopersicum (cv. MicroTom) plants were
grown in a controlled environment as previously described
[38]. Whole fruit were picked at various developmental
stages [39] and kept at )80 C until required. For nucleic
acid extraction, batches of five fruit, each from a different
plant, were ground under liquid nitrogen using a steel bead
grinder (Dangoumau, France).
SlUGT5 cloning and protein purification
The open reading frame (ORF) of SlUGT5 was ampli-
fied from cDNA of immature green, mature green and
breaker + 7 days tomato fruits using Gateway sense primer
G-GT5-F (5¢-AAAAAGCAGGCTTCATGGCGCAAATT
CCTCATAT-3¢) and antisense primer G-GT5-R (5¢-AGA-
AAGCTGGGTGTCGTGGGCACGATAACGAG-3¢). The
ORF was then sub-cloned into entry vector pDONR207
(Invitrogen, Karlsruhe, Germany) by introducing the
required attB1 and attB2 recombination sites in a two-step
PCR process, and recombined into expression vector
pDEST 17 (Invitrogen) containing a N-terminal polyhis-
tidine tag. The clone was transformed into competent
E. coli cells (strain BL21-AI; Invitrogen). E. coli cells were
grown at 37 C in 100 mL LB medium containing
50 lgÆmL)1 carbenicillin, and expression was induced by
0.2% arabinose for 5 h at 24 C. The cells were pelleted by
centrifugation at 12 000 g for 10 min, and resuspended in
4 mL of extraction buffer consisting of 20 mm Tris ⁄HCl
(pH 8), 500 mm NaCl, 10% v ⁄ v glycerol, 0.05% v ⁄ v
Tween-20, 100 U DNase per mL and 1 mm mercaptoetha-
nol. The cells were disrupted using a bead grinder under
liquid nitrogen, then by three cycles of thawing ⁄ freezing.
The homogenate was incubated at 4 C for 1 h after addi-
tion of a protease inhibitor mix (Roche, Meylan, France),
and then centrifuged at 48 000 g for 20 min at 4 C. The
supernatant was subjected to TALON affinity chroma-
tography: 1 mL of supernatant was mixed with 0.3 mL of
TALON resin (Clontech ⁄BD Biosciences, Saint-Germain-
en-Layr, France) pre-equilibrated three times with extrac-
tion buffer without DNase. The recombinant protein was
allowed to bind to the resin for 30 min at 4 C, and, after
transfer to a column (a 1 mL pipette tip plugged with glass
cotton), the resin was washed twice with 1 mL of extrac-
tion buffer, and recombinant protein was specifically eluted
with increasing concentrations of imidazole. Protein quan-
tification was performed by Bradford assay (Bio-Rad, Her-
cules, CA, USA), using bovine serum albumin (BSA) as
the standard. Cell lysates and purified protein preparations
were separated by SDS ⁄PAGE, and protein bands were
visualized using silver staining.
Genetic studies
The NCBI protein BLAST program (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) was used to find homologues of SlUGT5
in the Sol Genomics Network (SGN) Unigene database
(http://solgenomics.net/). Sequences were aligned using
MAFFT (http://www.imtech.res.in/raghava/mafft/). The
unrooted phylogenetic tree was constructed using MEGA 4
(http://www.megasoftware.net/) by the neighbor-joining
method. Defining the location of the SlUGT5 on chromo-
some I was performed using Tomato-EXPEN 2000
version 52 (http://solgenomics.net/cview).
Quantitative PCR
RNA extractions were performed using cetyl trimethyl-
ammonium bromide (CTAB) [39]. Quantitative PCR was
performed as described previously [40] using an optimal
primer concentration of 300 nm. All quantitative PCR
experiments were run in triplicate using cDNAs synthesized
from three biological replicates. Each sample was run in
three technical replicates on a 384-well plate. Relative fold
differences (transcript accumulation index) were calculated
based on the comparative Ct method, using actin as an
internal standard, and the 2
DDCt
, with the highest DCt as
the basal reference for each gene.
Activity assays and HPLC
SlUGT5 activity assays were performed in 50 mm Tris (pH
7.5), 1 mm MgCl2 at 37 C. The saturating conditions of
donor were determined at 10 mm UDP glucose for 700 ng
of SlUGT5 protein in a final volume of 70 lL. Reactions
were stopped after 5, 10 and 15 min (linear conditions) by
addition of 1 ⁄ 20 v ⁄ v trichloroacetic acid at 240 mgÆmL)1,
and immediately transferred to ice. Impurities were elimi-
nated by centrifugation at 13 000 g (4 min, 4 C) prior to
HPLC analysis.
The analysis of samples corresponding to the enzymatic
kinetic reactions was performed by reverse-phase HPLC
(HPLC Dionex UltiMate 3000 driven by Chromeleon ver-
sion 6.80, Voisins-le-Bretonneux, France) on a C18-2 column
(Interchim, Montluc¸on, France, Interchrom Upti-prep Strat-
egy, 100 A˚, 5 lm, 150 · 2 mm). The eluents used were
H2O + 0.1% formic acid (eluent A, polar) and acetonitrile
(eluent B, non-polar). The mobile phase was constant
(2% eluent B) for 2 min at a flow rate of 0.2 mLÆmin)1, then
modified linearly as follow: 2–15% eluent B over 3 min,
15–40% eluent B over 7 min, 40–70% eluent B over 1 min,
constant flow 70% eluent B over 5 min, linear gradient
70–2% eluent B over 1 min. The injection volume was
10 lL. The detection wavelengths for the substrates and their
corresponding glycosides were 303 nm for methyl salicylate,
276 nm for guaiacol and eugenol, 221 nm for benzyl alcohol,
272 nm for salicyl alcohol and 288 nm for hydroquinone.
Given that all reactions studied here are equimolar, and that
in each case we observed an increase in the product peak
only, the activities for each aglycone were calculated from
sample substrate and product peak areas, relative to external
standards. When running experiments for determination of
Km and Vmax (calculated from Lineweaver–Burk plots), the
reactions were initiated by addition of the aglycone to the
reaction tube (t = 0). Control reactions were performed as
above using boiled enzymes. The enzyme activities were
expressed as nkat of the related glycoside per mg protein,
and the Km was expressed in mM of the relevant substrate.
LC-MS and NMR
LC-MS and NMR analyses were performed to confirm the
identity of the products from SlUGT5 in vitro activity tests.
LC-MS analyses were performed using an Agilent 1100 series
(Massy, France) HPLC under the same LC conditions
(column and elution gradient) as in the HPLC analysis.
ESI-MS analyses were performed using a Q-Trap mass spec-
trometer (Applied Biosystems, Courtaboeuf, France) with a
de-clustering potential of 70 V. The molecular weight of the
glucosylated products was confirmed by the presence of
sodium adducts [m ⁄ z = M (substrate) + 180 (glucose) ) 18
(H2O) + 23 (sodium)] in positive mode.
Purification of glucosylation products was performed on a
Waters Autopurif apparatus (Saint-Quentin-Fallavier,
France) equipped with a 2545 pump, a 2996 photodiode
array detector, a 3100 mass detector and a 2767 sample man-
ager [Masslynx (Waters, Saint-Quentin-Fallavier, France)
and Fractionlynx (Waters, Saint-Quentin-Fallavier,
France) software]. A XBridge (Waters, Saint-Quentin-
Fallavier, France) C18 column (4.6 · 150 mm) was used and
the eluent solutions were 0.1% formic acid (eluent A) and
acetonitrile with 0.1% formic acid (eluent B), using a
1.2 mLÆmin)1 elution rate and the gradient: 2% eluent B for
0.5 min then 2–16% eluent B over 0.5 min, 16-24% eluent B
over 9 min. Double detection was done (both UV and MS
detection). 1H and 13C-NMR spectra were obtained on
Bruker, Wissembourg, France DPX300 or AV300 instru-
ments using D2O as the solvent.
Protein 3D modelling and ligand docking
The SlUGT5 protein homology model was prepared using
Modeller 9.7 (with automodel default) [36], based on the
UGT72B1 structure (PDB entry = 2VCE) (residues 6-476),
after removal of all HETATM atoms and removing all alter-
native conformations (conformation A was retained for all
alternative residues: Arg81, Ser87, Arg109, Leu118, Thr280,
Glu284, Glu334, Arg405, Glu444, Arg448, Ser461). Eight
ligands (hydroquinone, salicyl alcohol, methyl salicylate,
guaiacol, eugenol, benzyl alcohol, phenyl ethanol and 4-OH
benzyl alcohol) were drawn using the JME molecular editor
(http://www.molinspiration.com/jme/index.html), transferred
to the PRODRG2 server (http://davapc1.bioch.dundee.
ac.uk/prodrg/) [41], and modelled using default parameters.
PDB files were saved for docking analyses.
Docking was performed using AutoDock 4.2 and Auto-
DockTools 1.5.4. [42]. UDP-glucose from UGT72B1 was
directly transferred into the SlUGT5 model without modifi-
cation. For docking, the SlUGT5 model with UDP-glucose
was considered as rigid. The catalytic histidine (His17) was
considered as a flexible residue with only one torsion bond
(CB-CG). Ligands were prepared using AutoDockTools and
default parameters for the number of torsion angles and
anchor definition. Box size was 31 · 31 · 31 points, with
0.375 A˚ spacing, manually centred on the acceptor molecule
of the UGT72B1 structure. The Lamarkian genetic algorithm
was used with 50 GA-LS runs and a maximum energy evalu-
ation of 2 500 000 (medium). Clustering of the 50 conforma-
tions was performed using a 1 A˚ rmsd tolerance.
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